Guanine derivatives substituted at N 7 with 4-R-benzyl groups (R = H, MeO, NO 2 ) have been evaluated in the regioselective N 9 -alkylation of guanine. Given the capricious removal of (substituted) benzyl groups from guanine derivatives and pent-4-enoylation of guaninium hydrochloride, an improved alternative approach has been elaborated consisting in the pent-4-enoylation and per-O-acetylation of guanosine (8), 4-nitrobenzylation at N 7 followed
ated products can be obtained in high yields even if an N 9 /N 7 isomeric mixture is formed while the N 7 to N 9 rearrangement takes place upon heating [4] [5] [6] [7] [8] [9] [10] or even at room temperature in DMF 11 .
The regioselectivity of the alkylation with non-β-O-activated, small-sized alkyl halides (e.g. alkyl haloacetates in the synthesis of PNA monomers) under basic conditions (e.g. K 2 CO 3 ) is still inadequate. Constraining guanine into its lactim form e.g. in the case of 2-amino-6-chloropurine [12] [13] [14] [15] [16] [17] , 2-amino-6-(arylsulfanyl)purines 18 or O 6 -(N,N-diphenylcarbamoyl) derivatives 19 improves the N 9 /N 7 isomer ratio, but it is not sufficient requirement since the highest yield of N 9 -isomer was around 75% and chromatographic purification could not be avoided in every case, furthermore 2-amino-6-chloropurine is mutagenic and expensive, 2-amino-6-(arylsulfanyl)purines require a strong acidic treatment, the N,N-diphenylcarbamoyl group can be labile 20, 21 and this imposes limitations on its applicability. There is a third approach, however, affording exclusively 9-alkylated derivatives. Izawa et al. reported an N 9 -regioselective substitution starting from guanosine 22, 23 . In their approach guanosine was protected on N 7 with a (substituted) benzyl group; then, after acid hydrolysis of N-glycosidic bond and 
SCHEME 1
The reaction sequence followed by Izawa et al. 22, 23 Reagents and conditions: a R 1 X, b HCl, c R 2 X, d R 3 X, e removal of R 1 . β-D-Rf = β-D-ribofuranosyl, R 1 = substituted benzyl, R 2 = acyl, benzyl and PMB groups has been repeated with 4-nitrobenzyl bromide and standard transformations led to guaninium salt 4c (Scheme 2). The removal of PNB group has been accomplished with Zn/AcOH or In/AcOH and ester 5a has been obtained from guanosine in 38-40% overall yield; however, the last step required chromatographic purification and removal of zinc acetate and the yellow by-product was cumbersome.
In our experience the removal of guanine isobutyryl group was not quantitative in the cleavage and deprotection of PNA oligomers 38 . Therefore a change in the protective group was needed. Pent-4-enoyl group seems to be a better choice since it can be removed, in addition to the conventional ammonia, with iodine as well [39] [40] [41] . 7-(4-Nitrobenzyl)guanine hydrochloride (2c) did not dissolve well during the pent-4-enoylation, hence another route was needed to protect the 2-amino group. Considering the high price of pent-4-enoic anhydride, the reactivity of the amino group and the solubility of compounds the sequence N 2 -acylation, N 7 -protection, N-glycoside hydrolysis, N 9 -alkylation seemed to be the only good choice.
N 2 -(Pent-4-enoyl)guanosine (6) was obtained in a high yield by temporary protection of hydroxy groups with the electron-donating trimethylsilyl group 40, 42 . The 7,9-bis(4-nitrobenzyl)guaninium salt 11, detected in the reaction mixture by TLC/MS, was the product in subsequent reaction with 4-nitrobenzyl bromide (Scheme 3), 7-(4-nitrobenzyl)-N 2 -(pent-4-enoyl)guanine (10) could not even be detected. The formation of 7,9-bis(arylmethyl)guanines under forced conditions (elevated temperatures and prolonged reaction times) has been reported 43 .
Enhancing the stability of the N-glycosidic bond is imperative for the monoalkylation of guanosine derivatives by introduction of electronwithdrawing, e.g. acetyl groups to the hydroxy groups of the saccharide moiety. Pent-4-enoylation of 2′,3′,5′-tri-O-acetylguanosine was a slow and low-yielding process even at higher temperature, therefore 2′,3′,5′-tri-O- acetyl-N 2 -(pent-4-enoyl)guanosine (8) was synthesized by acetylation of N 2 -(pent-4-enoyl)guanosine (6) . The formation of guaninium salt 9 was slow but compound 11 formed only in a negligible amount. The reaction was complete after 2.5 days with an usual 4-equivalent excess of the reagent. The excess of 4-nitrobenzyl bromide was scavenged by pyridine in order to avoid the formation of the dialkylated product 11 during evaporation of the solvent (DMF). 4-Nitrobenzylpyridinium bromide and compound 10 was separated with extraction after thermolysis of the Nglycoside taking place at 70°C without acid treatment.
The extent of the influence of the O-and/or N 2 -acyl groups on the stability of N-glycosidic bond and the reactivity of N 2 was notable in the above reactions. 7-(4-Nitrobenzyl)guanosinium ion was stable but it decomposed spontaneously in the absence of acid after acylation on N 2 . Acetylation of hydroxy groups in compound 7 stabilized the N-glycosidic bond at room temperature but thermolysis took place without acid at 70°C. The acetyl groups in 2′,3′,5′-tri-O-acetylguanosine withdrew the electron density of the purine ring and, at the same time, from the 2-amino group to such an extent that the acylation was not complete even after a prolonged time at 100°C. On the other hand, trimethylsilyl group activated the 2-amino group and the acylation took place smoothly.
Alkylation of compound 10 affording guaninium salt 13 (Scheme 4), with 3 equivalents of tert-butyl bromoacetate at 70°C was complete overnight. As mentioned earlier, the purification of ester 5a after PNB removal with Zn/acetic acid was too laborious, therefore other reducing agents have been studied.
Sodium sulfide was successfully used for the deprotection of 4-nitrobenzyl esters and carbamates 44 and our initial studies were conducted with salt 4d. In the sodium sulfide treatment, a new substance 16 (Scheme 5) emerged, the polarity of which was similar to the expected product 5a. However, in its MS spectrum the molecular ion [M + H] + was observed at m/z 489 instead of at the expected value m/z 336. Imidazole ring opening is known to occur in alkaline solution as C-8 is electrophilic in salts 45 like 4d. The exact position of formyl group (N 4 or N 5 ) has not been ascertained earlier 46 or only unconvincingly proved 47 . Our 2D NMR measurements (HSQC, HMBC) have unequivocally demonstrated (Fig. 1 ) that the formyl group is located on N 5 confirming that the ensuing ring scission takes place between C-8 and N-9 atoms of guaninium salt 4d. Compound 12 exists as a 7:1 mixture of rotamers at room temperature in DMSO-d 6 solution.
Reduction of the nitro group in compound 13 was complete within 30 min in the presence of 4 equivalents of sodium dithionite even at pH 4, not only at pH 8-9 where deprotection of 4-nitrobenzyloxycarbonyl group was achieved 44 . To enhance the rearrangement of 4-aminobenzyl group leading to the deprotection, the reaction mixture was heated at 70°C in a phosphate buffer (pH 7) and acetone was employed to obtain a homogenous solution (the intermediacy of 14 was verified by TLC/MS, Scheme 4). Based on the observation that electron-donating substituents on phenyl ring and/or on α-carbon atom promote the rearrangement by stabilizing the positive charge on benzyl methylene group in the removal of 4-nitrobenzyl carbamates 48 , it was not suprising that heating of the reaction mixture was required for the deprotection as, in our case, a positively charged substituent was attached to the benzyl methylene group decreasing the stability of the formed cation.
Iminoquinomethane 16 was the elusive by-product of this deprotection regime. This compound has never been isolated in pure form due to its instability and tendency to polymerize [48] [49] [50] . We have been able to detect The presence of this substance as a contaminant was obvious in both the yellow-colored aqueous and the organic phases. It was attempted to scavenge the substance with sulfites 49 (oxidized form of dithionite), however, it was impossible to completely remove this substance from the product. The slightly yellowish amorphous product 15 was easily obtained by washing with ethyl acetate; it was completely pure according to TLC and NMR analyses.
The site of the alkylation (N 9 vs N 7 ) in guanine derivatives can be unequivocally ascertained by 1 H 18,51,52 , 13 C 24,51,52 and 15 N NMR 53 or MS/MS 54 methods. In this study our 13 C NMR method 24 
, involving C-1′, C-4, C-5 and C-8 which are the most sensitive to the site of alkylation (data not shown). It is noteworthy that the guaninium salts display an unusually large heteronuclear coupling constant between H-8 and C-8 (e.g. 1 J H-8,C-8 = 226 (4a) and 227 Hz (4c)), which indicates the imidazolium substructure [55] [56] [57] . The structure of compound 4a has been corroborated by HSQC and HMBC investigations as well (Fig. 2) .
In our study directed to 9-substituted guanines, the application of guanine derivatives substituted at N 7 with different benzyl groups (benzyl, 4-methoxybenzyl, 4-nitrobenzyl) has been evaluated. The general sequence exemplified in Schemes 1 and 2 proved to be problematic in terms of easy and reproducible removal of protecting group at N 7 and acylation of compounds 2 with pent-4-enoic anhydride. Our improved alternative approach described in this paper comprises the following steps: (i) pent-4-enoylation of guanosine at N 2 (6), (ii) per-O-acetylation (8), (iii) 4-nitrobenzylation at N 7 (9), (iv) hydrolysis of the N-glycoside 9 (10), (v) N 9 -alkylation (13) and (vi) deprotection with sodium dithionite. This seemingly lengthy procedure can be combined into four distinct, well-reproducible steps with standard transformations affording the PNA building block tert-butyl [N 2 -(pent- (15) with no N 7 regioisomer formation, solubility problems or chromatographic purification (Scheme 6) with the same 36% overall yield as in the case of Izawa et al. method. Main advantages of our synthesis are the acylation of N 2 amino group at room temperature due to the high solubility of the starting compound and a reproducible removal of the 4-nitrobenzyl group. Attempts at the conversion of 15 to a guanine PNA monomer are under way. The extent of the influence of the O-and/or N 2 -acyl groups on the stability of N-glycosidic bond and reactivity of 2-amino group is remarkable. The site of the alkylation in 7-and 9-alkylated guanine derivatives has been corroborated by chemical shift differences of 13 C NMR spectra. Position of the formyl group (N 5 ) in the ringopened derivative 12 formed from guaninium salt 4d under alkaline conditions (Scheme 5) has been unravelled by 2D NMR.
EXPERIMENTAL
The following abbreviations are employed: Chemicals were purchased from Aldrich, Fluka, Merck or Reanal (Budapest, Hungary). Pent-4-enoic anhydride was alternatively synthesized from pent-4-enoic acid as described in literature 58, 59 . Compound 2a was prepared as described 25 . Compounds 2b and 2c were prepared in an analogous way 60 . 4-Methoxybenzyl bromide is prone to decomposition and it was freshly prepared prior to use from the corresponding alcohol 61 . Anhydrous solvents were prepared as described 62 . Organic solutions were dried using anhydrous MgSO 4 Prepared from compound 3c (10.0 mmol) as described for compound 4a. The bromide crystallized very sluggishly. It was very well soluble in EtOAc, therefore a water-insoluble hexafluorophosphate salt (4d) was prepared as follows. The crude oily product from the above reaction was dissolved in acetonitrile (20 ml) and ammonium hexafluorophosphate (1.793 g, 11.0 mmol) in water (10 ml) was added. The solution was evaporated, the residue was triturated under cold water and the precipitate was stored in vacuo over P tert-Butyl (N 2 -Isobutyrylguanin-9-yl)acetate 24 (5a)
Compound 4c (0.240 g, 0.435 mmol) was dissolved in 50% (v/v) acetic acid (5 ml), zinc powder (0.178 g, 2.72 mmol, 6.0 equivalents) was added and the mixture was stirred at room temperature for 18 h. A further portion of zinc powder (0.090 g) was added and stirring was continued for 6 h. The zinc almost completely dissolved and a yellow precipitate was formed. After filtration through a Hyflo bed and thorough washing with acetonitrile, the solution was evaporated and dissolved in a mixture of dichloromethane (25 ml) and water (25 ml). The aqueous phase was extracted with dichloromethane (25 ml) and the combined organic phases were washed with 0.05 M EDTA disodium salt (2 × 10 ml), dried and evaporated in vacuo (0.077 g). The Hyflo bed was washed again with acetonitrile and a combined crop of 0.130 g was obtained. Chromatography (CH 2 Cl 2 -MeOH 98:2 to 94:6) yielded 0.064 g (43.8%), m.p. 203°C. R F 0.13 (S2). The NMR and MS data of the product were in full agreement with those previously published 24 . In another experiment after the work-up as above, the resulting red oil was coevaporated with acetonitrile (3×) and the yellow solid obtained (0.82 g, 60%) showed a single spot on TLC. Further trituration under ether yielded a purer product (0.60 g, 44%).
Guanosine hydrate (8.8 g, 31.1 mmol) was suspended in acetonitrile (2 × 100 ml) and evaporated to dryness. Chlorotrimethylsilane (30 ml, 234 mmol) was added dropwise (20 min) to the suspension of dried guanosine in anhydrous pyridine (150 ml) and stirred for another 40 min. Pent-4-enoic anhydride (7.10 ml, 38.9 mmol, 1.25 equivalents) was added and the reaction was stirred at room temperature for 16 h. The cooled reaction mixture was diluted with water (30 ml) and treated with ammonia solution (30 ml, 25%) for 30 min. The residue was dissolved in water (400 ml) and extracted with a mixture of Et 2 O and EtOAc (1:1 v/v, 400 ml). The water phase was evaporated, then coevaporated with acetonitrile (2 × 300 ml) and used for the next step without further purification. 2-(Pent-4-enoyl)guanosine (6) was dissolved in a mixture of DMF (44 ml) and pyridine (22 ml). Acetic anhydride (18 ml) was added to the mixture, the pyridinium salts from the previous step were filtered off and the solution was set aside for 16 h. Ethanol (10 ml) was added to the solution, then the residue was dissolved in EtOAc (400 ml) and extracted with 1 M hydrochloric acid (2 × 300 ml) and saturated NaHCO 3 solution (2 × 300 ml). Evaporation in vacuo after drying gave the product as a white solid foam (10.9 g, 71%). R F 0.30 (S2), 7-(4-Nitrobenzyl)-N 2 -(pent-4-enoyl)guanine (10) Compound 8 (4.9 g, 10.0 mmol) dissolved in anhydrous DMF (60 ml) and 4-nitrobenzyl bromide (8.6 g, 40.0 mmol) were stirred at room temperature for 60 h. When the reaction was complete, pyridine (6.4 ml, 80 mmol) was added to scavenge excess of the alkylation reagent and set aside for 5 h. The reaction mixture was heated at 70°C for 16 h to thermolyse the guaninium salt 9. The solution was evaporated in vacuo and EtOAc (400 ml) and water (400 ml) were added to the oily residue. The product (2.3 g, 62%) was precipitated and filtered off. A further crop (0.6 g, 16%) was precipitated when the residue from the evaporated organic phase was treated with CH 2 Cl 2 (10 ml). 
To compound 4d (0.308 g, 0.5 mmol) dissolved in acetone (3 ml) was added sodium sulfide nonahydrate (0.48 g, 2.0 mmol) in water (1 ml) and the mixture was stirred at room temperature for 2 h. The reaction mixture was diluted with water (20 ml) and extracted with CH 2 Cl 2 (3 × 10 ml), the organic layer was dried and evaporated (0.178 g, 73%), m.p. 191°C (dec. 
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